Simple Summary: Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is considered an essential part of the human diet. Increasing the amount of DHA in commonly consumed foodstuffs can benefit people predisposed to heart problems, depression, and even some forms of cancer. One of the best sources of DHA is oily fish, but the majority of people do not eat fish regularly. By formulating diets for livestock or poultry to include ingredients rich in omega-3 fatty acids, we can increase the omega-3 content of their respective meat and tissues. In this study we fed broilers diets supplemented with increasing amounts of a DHA-rich microalgae to investigate whether it was safe for the birds, in terms of their health and productivity and effective in terms of DHA transfer from feed to meat. The results of the present study showed that feeding the microalgae to chickens had no negative effects on their health in terms of their level of survival or growth. Moreover, we found that supplementing the microalgae resulted in a large increase in the DHA content of meat. This study demonstrated that feeding algae is a safe and effective way to improve the nutritional value of chicken meat.
Introduction
The health benefits associated with an increased intake of long chain omega-3 fatty acids (n-3 FAs), particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are becoming increasingly clear [1] . Long chain n-3 FAs have been shown to decrease the risk of some cardiovascular diseases [2] , can be beneficial in the treatment of some types of cancer [3] , can improve higher cognitive functions when provided to infants [4] , and can reduce cognitive decline for the elderly [5] . However, in many parts of the world, these benefits are not feasible for the population as insufficient quantities of n-3 FAs are consumed through diet. Long chain n-3 FAs are found in the highest concentrations in oily fish, and as a result, n-3 FA intake is often highly associated with fish consumption [6] . However, in many western countries, only small proportions of the population regularly consume fish [7] , with those not consuming fish relying on other sources of n-3 FA. In Australia, for example, meat and poultry products provide up to 45% of the long chain n-3 FAs consumed by adults [6] . As such, increasing the n-3 FA content of commonly consumed meats, such as chicken, is an attractive method for enhancing the n-3 FA consumption of the population [8] .
The fatty acid composition of broiler tissues can be easily modified, with an increased dietary fatty acid content leading to an increased fatty acid content in poultry tissue [9] . Historically, this was achieved through feeding n-3 FA rich fish oils to broilers; however, this can result in a reduced shelf life and can have a negative impact on the organoleptic properties of the meat [9, 10] . In addition, due to declining fish stocks, using fish products to supplement animal diets is not considered a sustainable method of enriching meat [11] . Microalgae, one of the primary producers of long chain n-3 FAs in the food chain, can be grown in a sustainable manner on simple carbon sources and fed to livestock to increase the n-3 FA content of their edible products [9, 12] . The marine microalgae, Schizochytrium sp. has been shown to increase the DHA content of broiler meat [13] , while maintaining consumer acceptability without reducing shelf life [14] . Aurantiochytrium limacinum, a related microalgae, when grown heterotrophically on a low-sodium medium has also been shown to increase the DHA content of cows' milk [15, 16] , of pig muscle tissue [17, 18] , and hens' eggs [19] .
The aim of this study was to assess the safety of feeding high levels of an unextracted biomass of the DHA-rich microalgae, Aurantiochytrium limacinum, to broiler chickens by investigating the effects of supplementation on broiler productivity, mortality, blood biochemistry, and hematology.
Materials and Methods
The research protocol and animal care were conducted in accordance with European Union Directive 2010/63/EU pertaining to the protection of animals used for experimental or other scientific purposes. The live animal portion of the study was conducted at Roslin Nutrition Ltd. Aberlady, UK. Following the standard operating procedures of Roslin Nutrition, ethical approval was not required as the substance under investigation is a registered feed ingredient in the EU. The study investigated the tolerance of broilers to supplementation with high levels of the heterotrophically grown microalgae A. limacinum (AURA; ALL-G-RICH ® ; CCAP 4087/2; Alltech Inc., Nicholasville, KY, USA), when fed over a 42-day period. The study was designed in keeping with the European Food Safety Authority (EFSA) guidance on how to conduct and report studies concerning safety for the target animal (tolerance studies) [20] . The birds were kept 35 per pen in a house equipped with 32 pens. The building was supplied with artificial programmable lights, automated gas heating, and forced ventilation. Temperature inside the building was as recommended by the breeder. The lighting programme was 23 h light and 1 h dark during each 24-h period throughout the trial. Fresh wood shavings were provided to a depth of approximately 10 cm in each pen. Pens were constructed from timber, plywood and wire mesh and measured 2.04 m × 1.51 m.
Day-old, male Ross 308 chicks (n = 1120) were evenly distributed among 32 pens, with each pen randomly assigned to one of four treatments: 0%; 0.5%; 2.5%; or 5% AURA. The basal diet ingredients are shown in Table 1 , and were designed to meet or exceed the nutrient levels recommended for the Ross 308 broilers [21] . Both starter (from day 0-21) and grower (from day 21-42) diets were supplied ad libitum as 3-mm pellets. The AURA supplement was added to the diets as a top dressing. The proximate analysis composition of the experimental diets was determined at DM Scientific (Dalton, UK), with crude protein by the Dumas procedure by means of a FP-528 nitrogen/protein determinator (LECO Corp. St. Joseph, MO, USA), crude fat (oil A) (AOAC 920.39), dry matter by oven drying (AOAC 934.01) and ash by incineration (AOAC 967.05). Samples of each diet were ground and mixed until homogenous and the fatty acid content was then determined at the Mylnefield Institute (James Hutton Ltd., Dundee, UK). In brief, the fatty acids in each sample were transesterified in situ with 1.5 N HCl in methanol, in the presence of toluene. The toluene contained methyl tricosanoate which acted as the internal standard. The resultant fatty acid methyl esters (FAMEs) and toluene were then extracted. The FAMEs were then separated, identified, and quantified by gas chromatography. The mg of FAME per 100 g of sample was then calculated using the following formula: FAME, mg FA/100 g wet sample =
A
where A X = area counts for EPA, DHA or GLA; A IS = area counts for internal standard; CF X = theoretical correction factor relative to C23:0 (IS); EPA = 0.98, DHA = 0.97, GLA = 1.01; W IS = weight of IS added to sample in mg; W S = weight of sample in mg; S = % solids of initial sample. The heparinized blood was centrifuged at 4 • C for 10 min after which plasma was removed and samples were stored at −80 • C in Eppendorf tubes until analysis. Blood hematology was conducted on the day of sampling and the variables included: basophils; eosinophils; hemoglobin; heterophils; lymphocytes; mean corpuscular volume; monocytes; packed cell volume; red blood cell count; and white blood cell count. The blood biochemistry variables included: alkaline phosphatase; aspartate amino transferase; calcium; cholesterol; creatine; glucose; glutathione peroxidase; lactose dehydrogenase; magnesium phosphate; triglycerides; urea; and uric acid. All blood analyses were conducted at SRUC Laboratories (Edinburgh, UK). The fatty acid content of chicken breast and thigh samples was determined for two birds per pen at the Mylnefield Institute (James Hutton Ltd., Dundee, UK). In brief, samples of chicken (breast and thigh) tissues were ground thoroughly using a mortar and pestle and left in a freezer at −16 • C for 12 h prior to freeze drying. The fatty acids in each sample were then transesterified in situ with 1.5 N HCl in methanol, in the presence of toluene. Methyl tricosanoate was present in the toluene and acted as the internal standard. The FAMEs and toluene were the extracted, separated, identified, and quantified using gas chromatography as described previously.
Differences between the treatment groups were determined using the general linear model procedure of Minitab ® (Minitab, v18, State College, PA, USA) with Tukey's post hoc analysis used to determine the differences between the treatment groups. Regression analysis was used to determine whether the estimated DHA intake per bird could predict the DHA content of breast and thigh meat. DHA intake per bird was calculated by dividing the intake per pen by the number of birds present and then multiplying by the DHA content detected for each experimental diet.
Results

Ingredient and Diet Analysis
The AURA used in the study had a DHA content of 18%. The analytical composition of the experimental diets, including the predominant fatty acids detected in the feed are shown in Table 2 . Table 2 . Analytical composition (%) concentration of selected fatty acids (mg fatty acid/g) of the starter and grower experimental diets supplemented with an unextracted Aurantiochytrium limacinum biomass at a rate of 0%, 0.5%, 2.5%, and 5%.
Starter D0-21
Grower 
Performance and Bird Health
The performance of the birds in terms of their weight gain, feed intake, and feed conversion ratio (FCR) is summarized in Table 3 . During the first 21 days, positive improvements (p = 0.033) were observed between treatment groups in terms of weight gain, feed intake, and FCR. The group supplemented with 2.5% AURA had a significantly higher feed intake than the 0% and 5% groups, with a similar trend observed for weight gain with the 2.5% group gaining significantly more weight than the 0% group. From day 21-42 and for the study overall, no differences in productivity were observed among the treatment groups. Mortality levels fell within the normal range for the facility, with 2.9%, 6.1%, 4.3%, and 5.4% mortality observed for the 0%, 0.5%, 2.5%, and 5% treatments, respectively. Results of the post mortems are available in Supplementary Table S1 . No significant differences in the rate of mortality were observed between the groups (p = 0.148). Treatment had no effect on the blood hematology variables investigated (Table 4) . Three blood serum biochemistry parameters were found to differ significantly among treatment groups: cholesterol levels were significantly lower (p = 0.02) in the 5% AURA group than in the control group; glutathione peroxidase was significantly higher (p = 0.02) in the 5% AURA group when compared to the control; and phosphate levels differed significantly (p = 0.04), however the Tukey test only detected a trend between the 2.5% and 0.5% (p = 0.055) and 2.5% and 0% (p = 0.055) AURA groups. 
Meat Fatty Acid Content
The effects of supplementation with AURA on breast (m. pectoralis major) and thigh (m. biceps femoris) fatty acid content are summarized in Tables 5 and 6 , respectively. A quadratic increase in meat DHA content was observed with increasing DHA intake for both breast (R 2 = 0.9577, p < 0.001) and thigh (R 2 = 0.9639, p < 0.001) meat samples ( Figure 1) , with any increase in dietary inclusion of AURA corresponding to a significant increase in DHA content (Tables 5 and 6 ). The content of EPA for both breast and thigh samples was significantly higher in the 2.5% and 5% treatments than the control and 0.5% treatments. Overall, the total n-3 FA content significantly increased with increasing AURA inclusion level (2.5% and 5%). Similar trends were observed for the thigh and breast samples with dose related increases observed for C20:4 n-3, EPA, and DHA, all contributing to the higher n-3 FA total. Only the breast tissue of the 5% treatment had significantly more n-3 DPA than the control and 0.5% groups, and while higher levels of n-3 DPA were observed in the thigh tissue of the 2.5% and 5% treatments, the difference among the treatments only approached significance (p = 0.069). The total n-6 FA did not differ significantly among the groups. However, a number of individual n-6 FA did significantly decrease, in a dose-dependent manner for both breast and thigh samples, with increasing AURA inclusion (i.e., C18:3 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6). C22:5 n-6 was the only n-6 FA to increase with 2.5% and 5% AURA supplementation in breast and thigh samples. As a result of these changes, the n-6/n-3 ratios significantly decreased with increasing AURA inclusion level for both breast and thigh tissues. 
The effects of supplementation with AURA on breast (m. pectoralis major) and thigh (m. biceps femoris) fatty acid content are summarized in Tables 5 and 6 , respectively. A quadratic increase in meat DHA content was observed with increasing DHA intake for both breast (R 2 = 0.9577, p < 0.001) and thigh (R 2 = 0.9639, p < 0.001) meat samples ( Figure 1) , with any increase in dietary inclusion of AURA corresponding to a significant increase in DHA content (Tables 5 and 6 ). The content of EPA for both breast and thigh samples was significantly higher in the 2.5% and 5% treatments than the control and 0.5% treatments. Overall, the total n-3 FA content significantly increased with increasing AURA inclusion level (2.5 and 5%). Similar trends were observed for the thigh and breast samples with dose related increases observed for C20:4 n-3, EPA, and DHA, all contributing to the higher n-3 FA total. Only the breast tissue of the 5% treatment had significantly more n-3 DPA than the control and 0.5% groups, and while higher levels of n-3 DPA were observed in the thigh tissue of the 2.5 and 5% treatments, the difference among the treatments only approached significance (p = 0.069). The total n-6 FA did not differ significantly among the groups. However, a number of individual n-6 FA did significantly decrease, in a dose-dependent manner for both breast and thigh samples, with increasing AURA inclusion (i.e., C18:3 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6). C22:5 n-6 was the only n-6 FA to increase with 2.5 and 5% AURA supplementation in breast and thigh samples. As a result of these changes, the n-6/n-3 ratios significantly decreased with increasing AURA inclusion level for both breast and thigh tissues. Means within a row that do not share a superscript differ significantly. The fatty acid abbreviations correspond to: Linoleic acid (LA); γ-linolenic acid (GLA); α-linolenic acid (ALA); Stearidonic acid (SDA); Arachidonic acid (AA); Eicosapentaenoic acid (EPA); n-6 Docosapentaenoic acid (n-6 DPA); n-3 Docosapentaenoic acid (n-3 DPA); Docosahexaenoic acid (DHA). Table 6 . The effect of supplementation with a docosahexaenoic-acid rich unextracted Aurantiochytrium limacinum biomass at a rate of 0%, 0.5%, 2.5%, and 5% of the diet on broiler on thigh tissue fatty acid content. Means within a row that do not share a superscript differ significantly. The fatty acid abbreviations correspond to: Linoleic acid (LA); γ-linolenic acid (GLA); α-linolenic acid (ALA); Stearidonic acid (SDA); Arachidonic acid (AA); Eicosapentaenoic acid (EPA); n-6 Docosapentaenoic acid (n-6 DPA); n-3 Docosapentaenoic acid (n-3 DPA); Docosahexaenoic acid (DHA).
Discussion
This study was designed to assess the level of tolerance of broilers to life-long exposure to dietary AURA, at the intended use level (1X, i.e., 0.5%), and multiples of the intended use level, (5X and 10X, i.e., 2.5% and 5%, respectively), to establish safety and a limit of tolerance for the target animal [20] . With no differences in mortality observed between the groups, AURA was found to be well tolerated and safely consumed at up to ten times the intended use level. In addition, no differences in the blood hematology variables were observed between the groups. Yan et al. [22] reported significant increases in lymphocyte concentrations when supplementing the diets of broilers with the related microalgae Schizochytrium and suggested that algae extracts may stimulate an immune response. In the current study, the lymphocyte concentrations were numerically higher in the treatment groups than in the control, but these differences were not significant indicating that supplementation did not initiate an immune response in our case.
In terms of blood biochemical parameters, supplementation increased the level of glutathione peroxidase in the 5% AURA supplemented group, compared to the control. Glutathione peroxidase is an antioxidant enzyme which protects the organism from oxidative damage. It has been suggested that an increased polyunsaturated fatty acid (PUFA) intake may induce the production of antioxidant enzymes in broiler muscle [23, 24] . In addition, the cholesterol concentration of the 5% group was significantly reduced when compared to the control group. Various diets with high PUFA concentrations have been shown to decrease serum total cholesterol in broilers, with the decrease attributed to a suppression of hepatic cholesterol production by the high PUFA levels present [25] . Productivity was not negatively impacted by supplementation. During the starter period of the study (D0-21) weight gain and feed intake increased for the 2.5% group compared to the control. No differences were observed among the groups during the grower period or overall indicating that productivity was not affected by AURA supplementation. This agrees with other authors who found supplementation with either fish oil or Schizochytrium had no effect on broiler productivity parameters [10, 22] . With no negative impacts observed in terms of mortality, blood parameters or productivity, AURA was considered to be well tolerated by broilers.
In the European Union, food must contain at least 40 mg EPA + DHA per 100 g to make the nutritional claim that it is a source of n-3 fatty acids, while a food must contain at least 80 mg EPA + DHA to be considered high in omega-3 [26] . In the current study, at the intended use level (0.5%), breast meat had 38 mg/100 g of EPA + DHA falling just short of the 40 mg content required to be considered as a source of omega-3. The thigh meat, however, did meet this definition, with 47 mg/100 g EPA + DHA detected. Based on the regression analysis, DHA intake should be increased to 16 and 12 g of DHA/bird for breast and thigh, respectively, to be considered high in omega-3. As concluded from these results, dietary inclusion of approximately 2% would enrich breast meat to 80 mg DHA/100 g and thigh meat to 104 mg DHA/100 g. Meat enriched to these levels could contribute a significant proportion of the 250 mg of DHA that is considered as an adequate intake [27] . However, as the regression analysis is based on an estimated intake per bird, the actual increase required to reach this level of enrichment could differ. The highest levels of enrichment were observed with the highest levels of supplementation in which 140 and 180 mg DHA/100 g tissue were detected in the breast and thigh, respectively. However, in practice, supplementation at this level could not be used. In addition, supplementation at this level can result in a reduction in the consumer acceptability of broiler meat. Ribeiro et al. [28] reported that supplementation with Schizochytrium at a level of 7.4% of the diet negatively impacted consumer acceptability. When comparing the level of enrichment in the current tolerance study with that of Ribeiro et al. [28] , similar levels of DHA were detected (139 vs. 120 and 179 vs. 310 mg/100 g in breast and thigh, respectively) which may suggest that the flavor of the meat from this study could also be negatively affected. At a lower inclusion level of 3.7%, the sensory qualities of enriched meat were not affected while meat DHA content was significantly increased [28] . Similar levels of DHA were detected in the meat of the 2.5% treatment in the current study and the 3.7% treatment in the Ribeiro et al. [28] experiment (89 vs. 70 and 115 vs. 150 mg/100 g in breast and thigh, respectively) indicating that the sensorial quality of the meat at this level and below may not be negatively affected. When comparing the use of Schizochytrium sp. and fish oil in terms of flavor quality, Mooney et al. [14] found supplementation with 5.5% algae and 2.1% menhaden oil significantly reduced flavor scores, however, supplementing 2.8% algae enriched the meat to the same degree as menhaden oil, while maintaining consumer acceptability.
Algae supplements are predominantly composed of DHA in comparison to fish oils which can have a significant amount of both EPA and DHA [14] . Despite the lack of EPA detected in the experimental diets, significant increases in breast and thigh were observed. This is in agreement with the findings of other authors who have demonstrated increased tissue EPA content when supplementing broilers with DHA-rich microalgae [14, 28] . In the absence of supplementary EPA, these increases are likely due to the retro-conversion of DHA to EPA [29] . Significant increases in the total n-3 FA content were primarily due to the increased deposition of DHA, however significant increases of EPA and C20:4 n-3 also contributed to the total sum of n-3 FA. In contrast, no differences in the total n-6 content were observed despite the significant decreases for the majority of individual n-6 FA. The presence of C22:5 n-6 in the algae supplemented diets resulted in increasing concentrations of this fatty acid in the tissue samples and limited the general trend of decreasing n-6 concentration. However, the ratio of n-6 to n-3 FA was found to decrease significantly with increasing AURA supplementation. Intake of diets with a balanced n-6:n3 ratio of 1:1 is desirable, however in many parts of the world, the n-6 intake is much greater resulting in dietary intakes of >10:1 in many cases [30] . Reductions of this ratio ranging between 5:1 and 1:1, have been associated with improvements for a number of different health problems [30] . As such, supplementation of broilers with the DHA-rich AURA microalgae significantly improved this ratio, further increasing the nutritional value of the meat. The results of this study indicate that dietary supplementation with the microalgae AURA, does not negatively impact broiler health or productivity, and significantly improves the nutritional quality of the meat in terms of the omega-3 content and the n:6:n-3 ratio. 
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